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nlGlTAL RECEIVERS AND RECEIVING METHODS THAT SCALEFOR 

SOFT HANDOFF 

yjpld nf the Tnvention 
This invemion relates to digM commumcation systems and methods, and 
more specifically to reception of coded digital bit streams. 

r If Ircrmi--' ~' ■"vention 

Digital bit streams are transmitted and received in many digital 

communications systems including but not limited to data storage systems and 
commumc v.,i„n= ,vMems For wireless commumcations, 

wireless and wired data, communications systems, ror 

there is currently an evolution fc.m analog commumcations to dtgttal 
,0 —cations. Speech is represented by a seHes of bits. hat are modu a e^^^^^^ 
transmined ftom a base staUon to a radiotelephone. The radtotelep one d — 
the received waveform ,o recover dre bits, which are dten converted back mto speech. 
-lerLsoagrowing demand for dataservices. such ase-mai,and,nte.e.access, 

which generally use digital communicattons. ..itionallv 
There are many types of digital communications systems. Tradtfonally 
Preouency-Division-Multiple-Access (FDMA) is used to divide the spectrum .nto 
pl„rality of radio channels corresponding to different earner ft^^--^ ^J^^ 
carrier frequencies may be further divided into time slots, referred to as Tm,e- 

Llltiple-Access (TDMA), as is the case in dte D-AMPS, PDC. and GSM 
,„ "Jcellular radiotelephone systems. Altemattvely, multiple users can use t e same 
radio channel using spread spectrum techniques such as Code-Divts,on-Mul..ple- 

Access (CDMA). , , . 

Direct-Sequence (DS) spread-spectrum modulation is commonly used 

CDMA systems, in which each information symbol is represented by — r^ 
2, "chips." Representing one symbol by many chips gives nse to "spreadtng , as the 



1 



US 



10 



T ,S 95 and J-STD-008 are examples otDS CDMA sandards. 

w:i:sU.s.e.s.co.e.n.Ka.e.eeep,.„.sco^^^^^^^^^^^ 

-eds>..Ude.„adW— 

is weighed by conivga« of a eham,el coeffic 

value. When mu«ipa.hpropagaUon,s present, m " ^^^^^ „„„ip,e, 

MuKlpa^propagaUoncanalsolead — 
.3o,va.leeeHoesof*es^-- 

different echoes. Once the despre „„„w referred to as Rake combining. 

«3 weighting and summing operatton ,s —^^^^ „ ^ ^..^ent 

...ecumh.„ingUdescnhedf„rexampemU^ 

,.entorentitied..a.eKecer.«^^^ 

5,305,349 to Dent enhtled Quanf-i ^ 

onsU 

» r:r:— thesignal,othe.ransm..onm^^^^^^^^^ 

;:rr:c— ..recei... 
rniitr—ch 

25 no, and a post processor lir 

-r.rr:;::'rrr:;:r-::»-» , , 

regarding the likelihood of the detected symbol values. 



Tl^e pos. pTessor 1.2 perfonns ftmctions .ha. may depend highly on U>e 
pa«icu,™lca.ion. appUca,.o„. Fo. example, n.y use *e so de^.ed 
vis .o perfo™, forward error cor^Uon deeodin. or error de.ee..o„ deeod^g. 
also may conver. digital symbols in.o speeeh using a speech decoder. 

Coheren. de.ec«on generally uses a. es.ima.io„ othow d,e symbols w « 
modified by U>e — er 101. *e change. 103, and/or *e radio processor 106. As 
:":d:revious.y,.he— sionmediummayin^oducephase — 

an es.ima.ion of *ese delays and coe«icien.s. Typically, *e chapel .s modeled 
aiscrele rays, wi* channel coefficient assigned .o .he differen. delays. 

channel gene y ^hus the pilot channel generally provides a reference 

information bearing channel. Thus, the puoi cn 

sienal for use in channel estimation. 
" When using d.e pile, chanrre, for channel es.ima.ion, *e resuUmg cha^e. 
.0 esun,a.e is propor.ional .o *e square roo. of *e power on *e p,lo. chamrel. Ideally, 
rle, es. ma.e should be proporrional .o Ore square roo. of *e power on .he 
~ll.Whe„performingchanneles.ima.ionond..ere„.signa^^^^^^^ 

.he same base s.a.ion, .his prop.r.ion^ generally ,s no. a problem, s,nce 

channel coefHeienls may differ by .he same proporrional amoun.. 

25 

»...„n.»iT' of ■■> Invention 

The present invention includes digital receivers and receiving me^ods tha, 
Me for relarive sttengttrs of .raffic and pilo. cham,els during soft handoff. In 
tlT^ specLn signals are processed .om a plurality o, traffic chamrels 
30 a^ pt:L of P^lo. channels by receiving da« samples .om a pWiry of <^ 
ThalL and a plurality of pilo. channels. DeteCion s^tistics are ob..ned ftom he 
m da. slples d,a. correspond .o informafion symbols while accounimg for 
rrela.ives.reng.sof.hep,urali.of„afficchannels.d.he.u^^^^^ 
channels. The dcecUon statistics are preferably obtained by performing Rake 
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combining while accounting for the relative strengths of the plurality of traffic 
channels and the plurality of pilot channels. 

The invention stems from the realization that a mobile radiotelephone is often 
in soft or softer handoff, in which it receives transmissions from more than one 
5 transmitter. The different pilot and traffic channel powers generally are not the same 
for all base station transmissions. As a result, use of the pilot channel for channel 
estimation can become a problem. When channel estimates based on the different 
pilot channels are used to combine signal echoes together, these echoes may be 
combined with the wrong weighting. 

10 For example, consider a radiotelephone that receives pilot and traffic channels 

from two base stations, A and B. Suppose the received power of the two pilot 
channels is the same, whereas the received traffic channel power from base station A 
is 10 times stronger than from base station B. Using the pilot channels for channel 
estimation, the two traffic signals would be combined such that, on average, the 

15 signals would be weighted equally. However, for optimum performance, the two 
signals should be weighted unequally, giving more weight to the stronger traffic 
signal from base station A. 

The present invention can solve this problem by employing scale factors for 
each base station signal. These scale factors are included in the Rake receiver and can 

20 account for differences in the relative strengths between pilot and traffic channels. 

More specifically, spread spectrum signals from a plurality of traffic channels 
and a plurality of pilot channels are processed by receiving data samples from the 
plurality of traffic channels and the plurality of pilot channels. The received data 
samples are correlated to spreading codes to produce pilot despread values and traffic 

25 despread values. Scale factors corresponding to the relative strengths of the plurality 
of traffic channels and the plurality of pilot channels are formed. A channel response 
is estimated using the pilot despread values to produce channel coefficient estimates. 
The traffic despread values are combined to obtain detection statistics that correspond 
to information symbols using the channel coefficient estimates. According to the 

30 invention, the traffic despread values, the channel estimates and/or the pilot despread 
values are scaled by the scale factors so as to obtain detection statistics that 
correspond to the relative strengths of the plurality of traffic channels and the plurality 
of pilot channels. 



In a first embodiment, the traffic despread values are scaled by the scale 
factors so as to obtain scaled traffic despread values that are a function of the relative 
strengths of the plurality of traffic channels and the plurality of pilot channels. In a 
second embodiment, the channel coefficient estimates are scaled by the scale factors 
5 so as to obtain scaled channel coefficient estimates that are a function of the relative 
strengths of the plurality of traffic channels and the plurality of pilot channels. In a 
third embodiment, the pilot despread values are scaled by the scale factors so as to 
obtain scaled pilot despread values that are a function of the relative strengths of the 
plurality of traffic channels and the plurality of pilot channels. 

1 0 .The scale factors may be formed by estimating power on a pilot channel, 

estimating power on a traffic channel and determining scale factors based on the 
estimated powers on the pilot channel and the traffic channel. Altematively, an error 
signal may be formed using the pilot channel despread values and the traffic channel 
despread values, and a scale factor may be computed based on the error signal. 

1 5 Moreover, scale factors may be formed using pilot despread values and traffic 
despread values corresponding to a plurality of delays of the transmitted signal. 
Finally, when estimating power on a traffic channel, an equivalent full rate power on 
the channel may be estimated that is independent of the reduced power that may be 
used with reduced data rates. 

20 The present invention is preferably used during soft handoff firom a first traffic 

channel to a second traffic channel. The first and second traffic channels may be 
provided by first and second base stations. Altematively, the first and second traffic 
channels may be provided by two beam patterns or sectors from a single base station. 
Accurate channel estimation during handoff may therefore be provided, to thereby 

25 allow more accurate detection statistics. 

Brief Description of the Drawings 

Figure 1 is a block diagram of a conventional digital communications system; 
Figure 2 is a block diagram of a baseband processor; 
30 Figure 3 is a block diagram of a Rake combiner; 

Figure 4 is a block diagram of a baseband processor according to the present 
invention; 

Figure 5 is a block diagram of a scaled combiner according to the present 
invention; 
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^^^^^^ 

accordi„g.o*e present invenuon^and^^^^^^^^ ^^^^ 

Figure U is a block diagram of a secona 
according to tlie present invention. 

^TmbTdescribed more felly heremafter with 
. The present invention now embodiments of the 

„ferenee to the accompanying drawings, ^J^^^'^^^^^ in many different 
i_tionareshown.Thisinven_^^^^^^^ 
forms and shonid not he construed as hrm ed 

.ma„ante„n..emediumi— ^^^^^^ 

employs one or more antennas » * ,„™,^ca.ions. the invention is 

„ embodiments are described m *e c^ext d ^ ^^^^^^ 

„„t,imltedtosuchsystems.dn^^U.^^^^^ 

communications envn-oranents tncluding „„„alized to a device that 

systems, in such applications a radio processor may be generalized 
extracts data f^m the transmission or s-^e — 

"Despreading of Direct Sequen h • reference in its entirety, an 

f U hereby incorporated herein by relerence 
disclosure of which is hereby J ^^^^^ ^„ ,3^^ , 

approach for Rake combining is described w 
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pilot channel. A baseband processor 110', according to this pending application is 
illustrated in Figure 2. Baseband data samples are provided to a bank of two-channel 
despreader units 202a-202c, which correlate different delays of the received signal to 
the despreading codes of the pilot and traffic channels, producing pilot and traffic 
5 despread values. In Figure 2, the different despreaders capture signal images from the 
same base station. The pilot despread values are provided to channel coefficient 
estimators 204a-204c, which can use conventional techniques to estimate complex 
channel coefficients. The traffic despread values and the channel coefficient 
estimates are provided to a Rake combiner 206, which combines the different traffic 

1 0 despread values using the channel estimates to produce detection statistics. 

The combining operation is a weighted sum, in which the weights are the 
conjugates of channel coefficient estimates. This is illustrated in Figure 3. Channel 
estimates and traffic despread values are provided to multipliers 302a-302c, which 
produce products of traffic despread values with conjugates of channel estimates, i.e. 

15 channel coefficient estimates. If BPSK symbols are used, only the real part of this 
product is produced. Adder 304 sums the products together to produce the detection 
statistics. 

Consider an example, in which the received chip-spaced baseband samples 
during one symbol period are represented by r(k). The samples are modeled as 

20 r(k) = Co[bKs7{k)^ Sp(k)]+cx[bKsT(k-\)+sp(k - \)]+C2[bKsT{k-2)+sp(k'2)]+w(k) (1) 
where b is the symbol sent, cj are the channel coefficients, the delays are 0, 1 , and 2 
chip periods, Sjik) is the traffic channel chip sequence used to spread the symbol, Sp(k) 
is the pilot channel chip sequence, K is the relative amplitude between the traffic and 
pilot chaimels, and w(k) is the impairment (noise + interference). Note that the delays 

25 correspond to delayed images of the transmitted signal. 

The two-channel despreaders 202a-202c produce despread values for the pilot 
and traffic channels, denoted Xp(j) and xtC), where j indicates which despreader imit. 
The traffic despread values can be expressed as 

L-\ 

30 where the superscript denotes complex conjugation and L is the despreading factor. 
Division of L is shown for illustrative purposes. In practice it is known how to extend 
results to the case when the division is omitted. 



^T<j)= j (2) 
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The Rake^biner 206 of Figure 3 combines the despread values using 
estimates of the cham^el coefficients, denoted c, to produce a detection statistic that 
corresponds to an information symbol. This can be expressed as 

z = a *X7<0) + c *xi{\) + c * xt{2) (3) 

0 » ^ 

5 The symbol value that is closest to z gives the detected value b . For BPSK 

modulation, b is either -Hi or -1, so that the detected value is given by the s.gn of the 
real part of z. The detection statistic can be used as a soft value, for further 

processing. 

Now consider the case in which each despreader uses a despreadmg code 
10 corresponding to a different base station. This would be the case in a three-way soft 
handoff with base stations d, e, and f. For this case, the received samples dunng a 
particular symbol period can be modeled as 

r(k)=^c.[bK,s^r (k)].c.[bK^r OOJ-c/bK^ m4 OOJ-^ (^) 

where b is the symbol sent, c, are the channel coefficients corresponding to the 
1 5 different base stations, 5^, (k) is the traffic chamxel chip sequence used to spread the 
symbol on base station (k) is the pilot channel chip sequence corresponding to base 
station X, is the relative amplitude between the pilot and traffic chamxels for base 
station X, and M>(k) is the impairment (noise + interference). 
^\XS Despreading is used to form despread values for the traffic channels for each 

20 basLtationsignaUdenotedkwherexindicatesthebasestationsignal. Foroptimal 

performance, the detection statistic z should be 

2 = K,cY, +K,cy, +KfC*xf (5) 

As shown in Equation (5), seal factors are needed for optimal combining. 
However, if the approach descried in Figures 2 and 3 is used, then the scale factors 
25 are not present, which can lead t\ suboptimal performance. 

In the present invention, estimates of these scale factors are included. One 
approach is to estimate the scale factors and apply them to the traffic despread values 
prior to weighting by the channel estimates. Another approach scales the channel 
estimates first. A third approach applies the scale factors to the pilot despread values, 
so that they are impUcitly included in the channel estimates. TTiese approaches will 
be described in detail below. 
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BaseW processor ..»". according .o .he present inven.,on ar. m 
Figure 4 Compared to Figure 2. *e pilo, de^pread values are also provded ,0 
r^n«4«.l.hecon,Hni.-.isperforn,edByasca.edcon,bir,er4.6...».^^ 

iLood *a, in gcnerai, *e .wo.ha„ne. despreader Z02a.20Zc can be repiaced 
3 :lrdev,ce*a.forn,sdespreadva>uesfor.epi,ora„d„amcchanne,s,such 

two correlators. tt ,,,,,^ ^ 

An embodimem df *= scaled combiner 406' is iUusttated ,n F.gu^ 5. 
■^lpLed.0 Figure3,*Vmcaespread values are scaledprior.0—^ 
ScalL 502a-502c scale 4 complex Baffle despread values by a real number 
T, Ion Scale fac,ol are estimated in scale factors estimator 504. wh>ch uses 
" :r::icdteadvlsto.tmsc.c.c.ors. Multipliers 203a-3.. are used 
o multiply the scaled traffic Lpread values and the chamte, esttmates^ A" 
alternative can apply the scal^ctors to the channel cs.ma.es mstead of the traffic 

HRQnread values, prior to combiijing. 
,5 ' For BPSK modulation, multipliers 302a-3«ae only form the real par. of .he 
product. For,hiscase,itispreferab,e.oscalea«erthemul.iplierra.her,hanbefore, 

so *a. only one real multiply may need to be perfonned during scal,ng 

^embodiment of the scale factors estimator 5.4. is illustrated ,n F.gure 6 fo 

....ereeah^of— ^ 

::ern:Cr:;Xa,efactorestimators.»2a.^^^ 

ctors. . ^ 

A„ embodiment of a single scale factor estimator 602.' correspondmg to 

feedforward design is illustrated in Figute 7. The pilot power is e— P^l 
es.ima.or 7«6. using the pilot despread v^ucs. Specifically, the re^ and m,ag,nary 
parts of the complex pilot despread values are s,uar^ and added toge^er m 
mlldc square unit 702a. The resulting power estimate is smoothed m smoother 
;rX orexample,exponentia,smoothing,toproduceasmoo*ed Pilot power 

Similar operations are applied to the tra^c despread values by magmm de 
s"Id unit 702b 1 smoother 704b to produce a smoothed ..ffle power esumat. 
:r^^^er 70S, the smoothed traffic power estimate is divided by the smoothed ptlo. 
;wer es.imate to produce a power ratio. The sc,uare root of tHs power ratto .s 
detennincd by square root unit 710, producing a scale factor. 
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An alternative embodiment of a single scale factor estimator 602a" 
corresponding to a feedback design is illustrated in Figure 8. The pilot despread value 
is scaled by the scale factor in multiplier 810. The scaled pilot despread value is 
magnitude squared in magnitude square unit 702a, producing a pilot magnitude 
square value. The traffic despread value is magnitude squared in magnitude square 
702b, producing a traffic magnitude square value. The difference betw^een the traffic 
magnitude square value and the pilot magnitude square value is determined by adder 
815. This difference provides an error signal to a conventional Automatic Gain 
Control (AGC) unit 820, which adaptively determines a gain such that the size of the 
difference is minimized over time. This AGC gain is the scale factor, which can be 
initialized to one. 

Thus, in Figure 8, the scale factor is determined by a feedback control loop, 
which drives the scaled pilot despread values to have the same power as the traffic 
channel. The AGC circuit can, for example, filter the error signal and scale it by an 
AGC loop gain. The resulting signal is then accumulated and used as the gain or used 
to compute a gain. 

Another embodiment of a scale factors estimator 504" is illustrated in Figure 9 
for the case where one pair of pilot and traffic despread values corresponds to one 
base station signal and the other two pairs of pilot and traffic despread values 
correspond to a second base station. The despread values corresponding to the second 
base station are provided to double scale factor estimator 910, which produces a 
common scale factor. 

An embodiment of a double scale factor estimator 910 is illustrated in Figure 
10 and corresponds to a feedback design. The embodiment of Figure 10 is similar to 
Figure 8, except that the error signal provided to AGC unit 820 is a weighted 
combination of error signals provided by processing of the different pairs of pilot and 
traffic despread values. The differences produced by adders 815a and 815b are 
multiplied in multipliers lOOla-lOOlb by weights, Wa and wt^ respectively. These 
weights can be dependent on the strengths of the rays, giving more weight to a 
stronger ray. Ray strength can be determined by channel estimates. Also, the 
multipliers lOOla-lOOlb may be omitted, giving equal weight to both differences. 

It also will be understood to one of skill in the art that a double scale factor 
estimator corresponding to the feedforward design can be implemented. Pilot power 
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estimates from multiple delays can be combined prior to the divider, as well as 
multiple traffic power estimates. There can be one divider per delay, followed by an 
averaging device prior to the square root. Other configurations may be provided. 

A second embodiment of a baseband processor 110'" according to the present 
invention is illustrated in Figure 11. In this embodiment, feedback AGC is used to 
scale the pilot despread values prior to channel estimation. As a result, a conventional 
Rake combiner 206 can be used. 

The present invention can also exploit side information regarding the relative 
strengths of the pilot and traffic channels from a particular base station. For example, 
the receiver may be given information from the base station regarding the relative 
strengths. Conventional control techniques also may allow computation of the 
relative strengths. Also, once the relative strengths are known, changes in the relative 
strengths may be a fiinction of known power control commands. It will also be 
understood that the power on a traffic channel may be estimated using an equivalent 
full rate power on the traffic channel. Specifically, it is knovm to vary the power level 
of a signal as a fimction of the data rate to maintain the energy per bit relatively 
constant. Accordingly, data rate information may be included when estimating the 
power on a traffic channel. 

For example, the traffic correlations can be scaled to corresponding full-rate 
levels using detected rate information. For Rate set 1 in IS-95, there are four data 
rates: 9600 bps, 4800 bps, 2400 bps, and 1200 bps. These are transmitted at relative 
power levels of 1, 1/2, 1/4, 1/8, respectively. Thus, traffic correlations can be scaled 

using scale factors 1, V2 , 2 and Vs depending on the detected rate. Certain frames 
can be skipped if the rate cannot be determined, the CRC or some error detection 
scheme indicates errors, and/or the rate is not knovra with enough confidence. 
Alternatively, correlations can be scaled to correspond to any of the four rates or some 

arbitrary level. For example, scale factors Vl/8 , 1/2, l/yfl and 1 can be used for 
rates 9600, 4800, 2400 and 1200 bps to normalize with respect to the lowest rate. 

It may also be desirable to normalize the scale factors by the largest or some 
nominal base station. Then, for correlations from one base station, no scaling may be 
necessary. 

The despreading operation is based on delay estimates for the different signal 
echoes or images. Any conventional delay estimation approach may be used. It can 
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employ the approaches disclosed in pending U.S. Application Serial No. 09/005,580 
to Sourour et al., entitled "Method and Apparatus for Multipath Delay Estimation in 
Direct Sequence Spread Spectrum Communication Systems", filed January 12, 1998, 
the disclosure of which is hereby incorporated herein by reference. 

The present invention can use any type of channel coefficient 
estimation/tracking algorithm. For example, the LMS, KLMS, RLS, and Kalman 
tracking algorithms may be used. While chip-spaced rays were used as examples, the 
rays can have arbitrary spacing, including fractional spacing. Channel coefficient 
estimation can also be performed using interpolation between pilot symbol sections. 
Pulse shaping side information also may be used to improve coefficient estimation. 
Similarly, the present invention can use many approaches to scale factor estimation. 
The scale factors can be either tracked or interpolated between pilot symbol sections. 

The present invention also can be used in a multi-pass approach. Despread 
values corresponding to a data frame can be stored. In the post-processing phase, 
forward-error-correction and forward-error-detection decoding can be used to correct 
or detect errors. Then, re-encoding can be used to provide reference symbols for a 
second-pass, for better parameter estimation. Multi-pass demodulation is described in 
U.S. Patent 5,673,291 to Dent entitled "Simultaneous Demodulation and Decoding of 
a Digitally Modulated Radio Signal Using Known Symbols", the disclosure of which 
is hereby incorporated herein by reference. The present invention can also be used in 
conjunction with enhanced Rake combining approaches. 

The present invention can be used with multiple receive antennas. Scale 
factors then may only be a function of base station, being the same for different 
antennas. Thus, when estimating the scale factors, data from different antennas can 
be used in an analogous way to using data from different rays or delays. The present 
invention can also be used in conjunction with the multiple receive antenna 
combining techniques described in U.S. Application Serial No. 08/992,174 to 
Karlsson et al., entitled "Mobile Station Having Plural Antenna Elements and 
Interference Suppression", filed December 17, 1997, the disclosure of which is hereby 
incorporated herein by reference. 

The invention has been described in the context of a pilot channel as the 
reference. It will be understood that pilot channels include systems with pilot 
symbols, wherein the pilot symbol power may differ from the traffic channel power. 
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Those skilled in the art will appreciate that the present invention is not limited 
to the specific embodiments which have been described herein for the purposes of 
illustration. The scope of the invention, therefore, is defined by the claims which are 
appended hereto, rather than the foregoing description, and all equivalents which are 
consistent with the meaning of the claims are intended to be embraced herein. 
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